Introduction
The question of the medical status of the population living on the territories contaminated by radionuclides as the result of the Chernobyl catastrophe is quite controversial. At present, separate settlements of the IV radiation zone are deprived of the status of being affected by the Chornobyl catastrophe. However, some definite changes in the bodies of the local population caused by chronic irradiation in low doses (due to the soil activity of long-lived 137 Cs isotope, inhaled radionuclides and radionuclide intakes in food) may be manifested through a remote period of time in the form of more or less pronounced pathologies or pre-pathological conditions (Eheman et al., 2003; Davis et al., 2004) . In particular, this concerns the state of the immune system, where significant radiation-induced structural and metabolic dysfunctions in immune-competent cells are probable. Taking into account the integrative activity of the immune system as a factor in maintaining the antigenic homeostasis of the body, any disturbances in one of its components can be reflected in the work of the system as a whole (Manuck et al., 1991; Sheikh Sajjadieh et al., 2009; Balogh et al., 2013) .
The results of assessing the effects of major radiation catastrophes really indicate the possibility of immediate and long-term effects on the immune status of the affected people (Kusunoki & Hayashi, 2008; Kusunoki et al., 2010) . At the level of nonspecific protection factors, adaptive or pathological changes induced by ionizing radiation are possible .
It should be taken into consideration that ionizing radiation is considered to be a very powerful stress factor, which potentially can lead to a decrease in immunological surveillance (Duffner, 2004) , and also to cause activation of oxidative processes (Nylund et al., 2014) . With additional exogenous effects of a stress character, the risk of immune system impairment increases (Gleeson, 2007) . In particular, this relates to the psycho-emotional load, which is considered to be one of the most common modern immune suppressants and stimulating agents to trigger adaptive reactions in the body (Segerstrom & Miller, 2004; Viru & Viru, 2004; Filaire et al., 2009) . In parallel, the risk of further activation of oxidative processes increases. Indeed, chronic neural-psychological stress, interacting with adverse environmental factors, can lead to the formation of metabolic syndrome (Beckham et al., 2003) . It is known that oxidative stress is involved in the development of metabolic syndrome (Roberts & Sindhu, 2009; Furukawa et al., 2017) .
The oxidative processes in the body are normal physiological and biochemical phenomena. In particular, they include the process of lipid peroxidation. In this case, antioxidant systems provide realization of these reactions within the limits of the homeostatic norm. Under conditions of ionizing radiation influence, the development of oxidative processes qualitatively different from spontaneous cells, is probable. Radiolysis products with high oxidation or reduction activity can initiate them. Radiation-induced oxidative processes are particularly clearly manifested in cases of acute irradiation (Combs & Combs, 1986) . In the range of small doses, the consequences are rather ambiguous and, obviously, depend on certain additional factors (Stone & Dratz, 1982) . Definitely, ionizing radiation, even in small doses, leads to the activation of lipid peroxidation reactions, while the surplus of their products can have a damaging effect, on the background of exhaustion of enzyme and non-enzyme antioxidant systems (Dostert et al., 1991) . In addition, among people affected by radiation catastrophes, a significant decrease in the level of haptoglobin in plasma as an important antioxidant protection factor is observed (Nylund et al., 2014) .
There is much evidence of the interaction between the immune system and oxidative stress in terms of diseases of different etiologies. Active forms of oxygen are involved in early T-cell activation and proliferation processes modulation. During chronic oxidative stress, neoantigens that stimulate autoimmune reactions are formed (Stewart et al., 2004; Laddha et al., 2013) . Acute oxidative stress can suppress immunity and create preconditions for the development of oncological diseases (Cooke et al., 2003; Reiche et al., 2005) . Free radicals are produced by the immune cells themselves to kill infectious factors. However, strong oxidants, in particular, free radicals of oxygen, cause additional stressful effects on natural resistance factors, which results in a decrease in their response to antigens (Roy et al., 1991) .
In our previous studies, typical signs of stress reactions among individuals aged 18-24 years old who lived on the territory of enhanced radiation control were marked, in particular, raised level of cortisol (Sokolenko & Sokolenko, 2015) , which increased further in conditions of additional psycho-emotional stress (Sokolenko, 2015) . As a result, signs of immunosuppression were observed in this group, which were accompanied by an imbalance of thyroid status and lipid metabolism, changes in oxidative and antioxidant activity (Sokolenko & Sokolenko, 2015 , 2017a 2017b; Sokolenko 2016) .
The purpose of the work is to find out the specifics of interconnection between the parameters of immune and oxidative-antioxidant systems in a group of inhabitants from the radiation-polluted territories under conditions of additional psycho-emotional stress or its absence.
Materials and methods
We examined 100 persons, including a group of people from noncontaminated areas (control group, 50 persons) and inhabitants of territories of the strengthened radio-ecological control (IV radiation zone, density of soil pollution with isotopes 137 Cs 3.7 x 10 4 -18.5 x 10 4 Bq/m 2 , 50 persons). All those examined were students of Cherkasy National University, aged 18-24, at the time of research not having any acute diseases. There was no statistically significant difference between volunteers of different sexes (females were examined in the follicular stage of the menstrual cycle), so they were considered as a single group in the future. The winter examination session played the role of additional stress factor, which predetermined the development of psychoemotional load. 15 ml of venous blood was taken in the morning, before eating. The first analysis of the blood parameters was made in the intersession period, the second after the first exam. Medical examinations and blood were performed by qualified medical staff at "Edem" sanatorium at Cherkasy National University and the biochemical laboratory of the City Hospital №1 in Cherkasy.
The research was conducted in compliance with the ethical principles of the European Convention and the Helsinki Declaration, those examined agreed to be tested and that the results should be published. The cortisol content in serum was determined by immune enzyme method using "BIO-RAD" set (the USA).
The total number of white blood cells was calculated in Hemocytometer, absolute and relative number of their populationsbased on a blood smear (painting by Romanovskyi-Giemsa).
Expression of surface antigens by peripheral blood lymphocyte was determined using the immune fluorescence method using monoclonal antibodies to surface markers of immune cells LT1 (for evaluation of the expression of pan T cell marker CD5), LT3 (for evaluation of the expression of pan T cell marker CD3), LT4 (for evaluation of the expression of T cell helper activity marker CD4), LT8 (for evaluation of the expression of T cell marker of effector / suppressor activity CD8), LNK16 (for evaluation of the expression of natural killer activity marker CD16) and F(аb)2 -fragments of sheep antibody to mouse IgG labeled with FITC ("Sorbent", Moscow). The level of immune globulins in serum was determined by radial immune diffusion on Manchini using monospecific serums against IgG (H), IgM (H), IgA (H).
The phagocytic index (FI is the average number of microorganisms absorbed by one leukocyte) and phagocytic number (FF -the rate of phagocytic leukocytes, which means the number of leukocytes with phagocytic activity to 100) of neutrophils and monocytes were calculated for their ability to absorb yeast cells (SNL "GRANUM", Kharkiv) with smear painting by Romanovskyi-Giemsa.
We studied the components of oxidative processes and antioxidant system in accordance with the method (Korol & Myhal, 2012) . And there determined the content of malondialdehyde (MDA), ceruloplasmin (CP), transferrin (Tr) and sulfhydryl (SH) groups.
The calculation of the oxidative stress index (OSI) was made by formula: OSI = MDAe / MDAc: [(CPe / CPc + Td / Trk + SHd / SHk): 3], where OSI is an index of oxidative stress; MDAe -the content of MDA in the experimental group; MDAc -MDA in the control group (average); CPe -content of CP in the experimental group; CPc -CP in control group (average); Tre -content of Tr in the experimental group; Trc -Tr in the control group (average); SH -the content of SH in the experimental group; SHc -SH in the control group (average); 3 -number of components (Korol & Myhal, 2012) .
The data are expressed as mean ± standard error (M ± SE). Oneway ANOVA was performed to detect statistical significance. Differences with P < 0.05 were considered significant. Correlation analysis was performed using the Pearson correlation coefficient.
Results
It was established that the analyzed parameters in the control group were within the limits of the homeostatic norm. People, who had lived on the territories of enhanced radio-ecological control for a long time and were subjected to prolonged exposure to ionizing radiation in small doses showed a significant increase in relative and absolute number of stab and segmental neutrophils, eosinophils and decrease in the relative and absolute number of lymphocytes, phagocytic number of neutrophils, phagocytic index and phagocytic number of monocytes compared with the control group. Also, in the analyzed group, there was a relative suppression of the T-cell immunity, which manifests itself in a decrease of the relative and absolute number of lymphocytes expressing antigens of CD3, CD5, CD4 and CD16. Decreased immune regulatory index CD4+/CD8+ and increased serum immunoglobulin IgG concentration was marked (Table 1) .
The analysis of the oxidative-antioxidant balance of the examined groups showed that the level of malondialdehyde in the experimental group had a tendency to increase; however, the difference with the control group did not have any statistical significance. Alongside this, there is no significant difference from the control data for ceruloplasmin and transferrin; the content of sulfhydryl compounds was significantly lowered (Table 1) .
Under conditions of increased psycho-emotional stress caused by the examination sessions, in the control group there were observed changes that did not lead to overrunning of the homeostatic norm. People undergoing prolonged exposure to small doses of ionizing radiation showed a significant increase in the relative and absolute number of stab and segmental neutrophils; reduction of the relative and absolute number of lymphocytes, lymphocytes with phenotypes CD3+, CD5+, CD4+, CD16+, immune regulatory index CD4+/CD8+, serum IgG, phagocytic index and phagocyte number of neutrophils and monocytes. There was also a tendency to increase in the level of malondialdehyde in the control group and a significant increase of the parameter in the group of students who came to study from the territories of enhanced radio-ecological control. That is, peroxidation in this group was more intensive. In both groups, it was compensated by a significant increase in the content of sulfhydryl compounds in serum, however, in the experimental group; the index remained significantly lower than in the control before and after the psycho-emotional load (Table 1) .
In the examined students from both groups there were no signifycant changes in ceruloplasmin. As a result, in the group of people who suffered chronic exposure to small doses of ionizing radiation, the index of oxidative stress increased significantly in comparison with the control group both before stress and after psycho-emotional load. 1.03 ± 0.041 1.10 ± 0.053 1.41 ± 0.048 * 1.95 ± 0.059 *,** Notes: * -P < 0.05 compared to control; ** -P < 0.05 compared to the coefficient before psycho-emotional load.
Correlation analysis in the inter-session period, under the conditions of absence of additional psycho-emotional load ( the graphs show the most informative correlations), showed that there was a significant positive correlation between the level of malonic dialdehyde and the relative and the absolute number of neutrophils. A similar correlation with the level of neutrophils was noted for the index of oxidative stress, and the value of the correlation coefficient is slightly higher. However, the correlation of malonic dialdehyde index and index of oxidative stress with phagocytic activity of neutrophils (phagocytic index and phagocytic number) is negative and doesn't have any statistical significance ( Fig. 1) .
A slightly different situation is typical for correlations of another population of professional phagocytes of peripheral blood -monocytes. Their correlation (both relative and absolute) with the level of malonic dialdehyde and the index of oxidative stress was negative, and the reliability of the correlation coefficient was noted for the phagocytic index and phagocytic number of monocytes (Fig. 2) . The analysis of correlations between indices of oxidation-antioxidant system of the persons examined and lymphocyte subpopulations of peripheral blood showed the following: the malonic dialdehyde and oxidative stress index negatively correlated with the relative and absolute number of lymphocytes with phenotypes CD3+, CD4+, CD8+, CD16+, and immunoregulatory index CD4+/CD8+. Correlation with the level of T lymphocytes with CD8+ phenotype was not statistically significant. In all cases, the negative correlation with the indices of oxidative stress was higher than with malonic dialdehyde level. The highest value of the correlation coefficient was noted for the immune regulatory index CD4+/CD8+ (Fig. 3, 4) .
The analysis of correlations, conducted under the conditions of additional psycho-emotional load (during the examination session), showed an increase of the interdependence between the analyzed indices, which was manifested by the increase in the values of the correlation coefficient (Fig. 5-8) . Negative correlations between the indices of oxidative stress and the indices of phagocytic activity of neutrophils (phagocytic index and phagocytic number) were statistically significant (Fig. 5 ). Correlation between the level of lymphocytes with phenotypes CD3+, CD16+ and the level of malonic dialdehyde (black) / oxidative stress index (white) in the group of people who suffered prolonged exposure to small doses of ionizing radiation during emotional stress; *** -the reliability of the correlation coefficient, P < 0.001
The analysis of the correlation between the indices of the oxidativeantioxidant system and the level of serum immune globulins showed that during the inter-session period, the values of the coefficient were positive, however, they had no statistical significance (Fig. 9) . Under conditions of additional psycho-emotional loading, the value of the correlation coefficient between the level of malonic dialdehyde, the oxidative stress index and the levels of serum immune globulins IgG and IgM changed the sign to negative; regarding IgG, the index has become statistically significant.
The statistical significance of the correlation between the level of ceruloplasmin as an important antioxidant factor and the analyzed immune system parameters was noted only for the control group during the period of intensified psycho-emotional stress (as to immune regulatory index CD4+/CD8+, the phagocytic index of neutrophils, relative and absolute number of lymphocytes with the CD16+) (Fig. 10, 11) . Discussion Persons who had lived for a long time in the areas contaminated by radionuclides experienced the signs of a chronic stress state. In particu-lar, we observed an increased level of cortisol and oxidative stress index. The increase in the oxidative stress index was, in turn, provoked by a tendency to increase of malondialdehyde (MDA) on the background of the absence of significant changes in the level of transferrin, ceruloplasmin, as well as a significant reduction of an important protector of oxide process -sulfhydryl compounds. Under the conditions of intensified psycho-emotional load, the intensification of stressful activity was marked. This is evidenced by further increase in the level of stress markerscortisol and MDA (Table 1) Fig. 10 . Correlation between the level of ceruloplasmin and the immunoregulatory index CD4+/CD8+ (black -before emotional stress, white -during emotional stress), and also between ceruloplasmin and phagocytic number of neutrophils (black -before emotional stress, white -during emotional stress) in the control group (n = 50) and in the group of people who suffered prolonged exposure to small doses of ionizing radiation (n = 50); * -reliability of the correlation coefficient, P < 0.05; ** -reliability of the correlation coefficient, P < 0.01
Correlation coefficient
Increase in corticosteroids level is considered to be one of the most common signs of stress, contributing to the adaptation of the body to environmental changes and reflecting the response to various exogenous stimuli (Filaire et al., 2009; Viru & Viru, 2004) . Glucocorticoids are the key factors in stress-induced changes in immunoreactivity. In general, despite the differences in physical and psychological stress factors, their biochemistry and the effects on the body are similar. Prolonged chronic stress results in the same effects that are typical for acute stress conditions. The indicated patterns apply, in particular, to immune system reactions to stress factors (Butcher & Lord, 2004) .
Today, the concept of "stress" is defined as the process of modified biochemical homeostasis under the influence of psychological, physiological or environmental stress factors. Any factor potentially dangerous to the body can be classified as a stressor and may activate functioning of homeostatic systems in the body (Rahal et al., 2014) . in the control group (n = 50) and in the group of people who suffered prolonged exposure to small doses of ionizing radiation (n = 50), before (black) and during (white) emotional stress; * -reliability of the correlation coefficient, P < 0.05; ** -reliability of the correlation coefficient, P < 0.01
Definitely, ionizing radiation is among the recognized stressors (Duffner, 2004), and it stimulates the development of oxidative processes and, as a result, leads to the formation of oxidative stress (Stone & Dratz, 1982; Combs & Combs, 1986; Nylund et al., 2014) . However, the activation of free radical processes (oxidative stress) is also a typical consequence of the influence of stress factors of another nature (Rahal et al., 2014) . In particular, there are findings of immunity inhibition and oxidative DNA damage due to psychological stress (Cooke et al., 2003; Reiche et al., 2005) .
Oxidative stress is associated with the etiopathogenesis of many chronic diseases and plays an important role in the aging process (Ceconi et al., 2003) . One of the most common targets for oxidative stress are lipids. Their oxidation leads to the formation of a number of secondary metabolites able to exacerbate oxidative damage to biomolecules (Uchida, 2000) . Malonic dialdehyde (MDA) is the main well-studied product of the peroxidation of polyunsaturated fatty acids. It is not only a marker of oxidative processes. The interaction of MDA with DNA and proteins is potentially mutagenic and atherogenic (Del Rio & Pellegrini, 2005) . We indicated that liquidators of the Chernobyl catastrophe consequences had an increased level of malonic dialdehyde, which created the risk of activation and of inflammatory processes and making them chronic (Emerit et al., 1995) . In addition, for this group, an increase of ceruloplasmin and decrease of transferrin in serum was typical (Zueva et al., 2001) .
Ceruloplasmin is the main carrier of copper in human plasma. This protein participates in the reaction of the acute phase to stress, and it is believed that some of its physiological functions remain questionable. The antioxidant activity of ceruloplasmin is described (Wood et al., 2006) , but some findings suggest this protein may also have pro-oxidant effect and cause oxidative modification of low density lipoprotein (LDL) (Fox et al., 1995) . In physiological conditions, ceruloplasmin is an important factor in controlling membrane oxidation of lipids, preventing their peroxidation (Taysi et al., 2002) . A significant increase in ceruloplasmin level may indicate an abnormally high oxidative stress (Cunningham et al., 1995) . Normally , the level of ceruloplasmin correlates with the level of MDA and transferrin . Cerulloplasmin and transferrin are believed to be important antioxidants that act in interconsistenc y (Memişoǧulları & Bakan, 2004; Somogyi et al., 2007) . Important antioxidant components are sulfhydryl groups SH (Birben et al., 2012) .
Under the influence of stress factors, all components of the immune response are included in the development of the adaptive response (Freestone et al., 2008; Bailey, 2016) . Indeed, the examined persons from the experimental group showed differences from the control group in parameters of both non-specific and specific immunity.
A significant growth of absolute and relative number of stab and segmental neutrophils on the background of a decrease in the relative and absolute number of lymphocytes is another clear sign of a stressful reaction of moderate intensity. Cortisol induces production of neutrophils in the bone marrow and inhibits their apoptosis in the peripheral blood (Butcher & Lord, 2004) . At the same time, neutrophils are one of the important factors in stimulating oxidative stress, which includes myeloperoxidase -their lysosomal enzyme (Lutai et al., 2016) . The formation of phagocytes with signs of raised oxidative reactivity may be evidenced by changes in lipid metabolism (Peluso et al., 2012) . A positive relationship between the level of lipid peroxidation and the concentration of cholesterol in plasma is reported. Oxidative damage correlates with the level of cholesterol of low density lipoprotein (Hs-LDL) and triglycerides (Fernández-Sánchez et al., 2011) . Indeed, we have already shown that the level of total cholesterol and Hc-LDL was increased in the experimental group, and so, the level of Hc-LDL positively correlated with the number of stab neurotrophils (Sokolenko, 2016; Sokolenko & Sokolenko, 2017a) . This may indicate stimulated by hypercholesterolemia activation in the development of neutrophils in the bone marrow and spleen, which, in turn, creates preconditions for the development of inflammatory reactions (Tall & Yvan-Charvet, 2015) . Proinflammatory factors produced by monocytes and macrophages are involved in the development of oxidative stress that accompanies the process of obesity (Bondia-Pons et al., 2012) .
The involvement of neutrophils to the development of oxidative stress in the examined group was confirmed by a positive correlation between the level of these leukocytes with the level of malonic dialdehyde and the oxidative stress index, the value of the correlation coefficient increased in conditions of additional psycho-emotional stress (Fig.1, 5 ).
The increase in the level of neutrophils in the experimental group was accompanied by a decrease in their phagocyte number and phagocytic index (Table 1) . Indicators of phagocytic activity negatively correlated with the level of malonic dialdehyde and the oxidative stress index, in terms of psychoemotional load, the correlation with the index of oxidative stress acquired statistical significance (Fig. 1, 5 ). Statistically significant correlation of malonic dialdehyde and oxidative stress index with indicators of phagocytic activity of another population of professional phagocytes -monocytes (both in conditions of additional psycho-emotional load presence/absence) was negative (Fig. 2, 6 ).
The literature gives contradictory data on the sensitivity of the phagocytic component of the natural resistance of the body to the effects of ionizing radiation, especially of low intensity (Liu et al., 2013; Wang et al., 2013; Wunderlich et al., 2015; Pinto et al., 2016) . In chronic low-dose irradiation, neutrophil level often increases on the background of weakening of monocytic and lymphatic reactions (Jahns et al., 2011; Heylmann et al., 2014) . However, radiation-induced stimulation of proliferative activity of granulocytic hemoptysis is accompanied by a significant number of errors in mitosis (Ghosh & Pyasi, 2016) . One of the reasons may be radiation induced free radical processes.On the one hand, free radicals, formed as a result of oxidative processes, are involved in the process of neutrophils and macrophages phagocytosis On the other hand, oxidative stress, acting on certain nuclear factors of phagocytes, may negatively affect their activity. The autocatalytic free radical process, which is marked by MDA level, is peroxide oxidation of lipids, which damages the membranes of immune cells and leads to changes in their metabolic activity, the ability to recognize antigens, etc. (Knight, 2000) .
Oxidative stress related to the etiopathogenesis of many chronic diseases plays an important role in the aging process (Ceconi et al., 2003) and has recently been considered to be its biomarker (Pandey & Rizvi, 2010) . On the other hand, in the group of elderly people we note suppressing of phagocytosis by cortisol, which leads to inhibiting the production of active forms of oxygen by neutrophils. To the signs of ageing we also refer a decrease in the number of Toll-like receptors on macrophages, and, accordingly, a decrease in their phagocytic activity (Butcher & Lord, 2004) . Thus, stress-induced inhibition of phagocytic activity of neutrophils and monocytes on the background of raised cortisol level in the group of students examined from the territory of enhanced radio-ecological control can be characterized as a sign of immune system ageing.
To estimate the potential acceleration of the ageing processes, stimulated by oxidative stress and associated pathological processes (obesity, tumors, diabetes) the antioxidant capacity of blood plasma is marked (Pandey & Rizvi, 2010) . One of its important indicators is the level of ceruloplasmin. The antioxidant function of ceruloplasmin in immune processes is caused by the ability to interact with oxygen radicals. In this case, the cells are protecting themselves from excessive peroxidation of lipids with superoxide and other radicals released by neutrophils and macrophages during the inflammation reaction. There are data as to ceruloplasmin participation in direct regulation of oxidative metabolism of phagocytes due to the impact on enzymes associated with their plasma molecule (Saenko et al., 1994 ). An increase of ceruloplasmin in serum helps to increase the phagocytic activity of neutrophils (Munoz et al., 2007) , however, it can also lead to a decrease of their level in peripheral blood flow (Turnlund et al., 2004) .
In our case, ceruloplasmin significantly correlated with the phagocytic index of neutrophils only in the control group under conditions of additional emotional stress (Fig. 10) . Its level in the experimental group did not differ significantly from the control, and it did not change in conditions of additional emotional load. Taking into account the increased oxidative stress index in this group, this effect may indicate the leveling of this important antioxidant system factor in maintaining proper redox homeostasis and the activity of congenital immunity factors under prolonged influence of small doses of ionizing radiation.
The detected decrease of relative and absolute number of Tlymphocytes with CD3+, CD5+, CD4+ and immune regulatory index CD4+/CD8+ in the experimental group in comparison with the control corresponds with the literature as to selective elimination of the most radiolucent subpopulations of lymphocytes (Frenkel et al., 2005) . Antibody CD3 is a major marker of functionally mature T-lymphocytes and it is absolutely essential for the activation of αβ-TCR T-cell receptor (Dopfer et al., 2014) . Antibody CD5 plays an important role in the control of T-lymphocyte autotolerance (Henderson et al., 2015) and also in the regulation of integrated T-cell and B-cell homeostasis due to interaction with antigen CD72 (Zheng et al., 2014) . Antigen CD4 is a marker of helper T-lymphocytes -a subpopulation that triggers the formation of the acquired immune response, stimulates B cells to antibody production, triggers and supports the reactions of effector CD8+ -T cells, regulates the macrophage function and, at the same time, interacts with them, provides a comprehensive immune response against a wide range of pathogenic microorganisms, controls its intensity and duration. Lymphocytes with the CD4+ phenotype are important mediators of immunological memory, when their number is reduced or their function is depressed, the individual becomes more susceptible to a wide range of infectious factors (King et al., 2008; Zhu et al., 2010; Yamane & Paul, 2012) . T-cells with the CD4+ phenotype have an increased susceptibility to radiation-induced selective elimination (Sheikh Sajjadieh et al., 2009 ). The revealed negative correlation between the number of T-lymphocytes with the phenotypes of CD3+, CD4+ and the indices of oxidative processes in the experimental group (MDA level and the oxidative stress index) affirms the possibility of participation of lipid peroxidation oxidation activation under conditions of chronic radiation exposure in small doses. The effect is intensified in the conditions of an additional psycho-emotional load, as is shown by the growth in the value of the correlation coefficient (Fig. 3, 4, 7, 8) .
According to the literature, the level of MDA and other oxidative factors may affect the proliferative activity of lymphocytes (Lee & Wan, 2000) . Oxidative factors produced by phagocytes can induce early expression of genes and proliferation of T-lymphocytes, as well as determine their immune competence. In particular, it concerns helper Tcells (Staite et al., 1987) . Excessive free radical and oxidative factors can damage the DNA and the integrity of cell membranes of immune cells (Backer & Weinstein, 1980) . The absence of a reliable correlation with the oxidation parameters of the second major subpopulation of functionally-mature T-lympho-cytes with the CD8+ phenotype can be explained by their relative radio resistance (Bogdándi et al., 2010) . T-lymphocytes with the CD8+ phenotype are able to produce suppressor influence, have an acute cytotoxic activity against infected and tumor cells (Joosten et al., 2007; Kapp & Bucy, 2008; Joosten et al., 2010; Davidsson et al., 2013; Boer et al. 2015) . There is information as to the activation of CD8+ T cells in conditions of obesity (Nishimura et al., 2009) , and the proatherrogenic changes in the lipid profile that we earlier revealed, could be respecttively involved in the implementation of the revealed effects on T-cell immunity.
The interrelation of lymphocytes with phenotypes CD4+ and CD8+ (immune regulatory index CD4+/CD8+) now is considered to be an important indicator of optimal activity of specific immunity or development of certain diseases (such as cancer), and it is also a marker of susceptibility to exogenous influences (Kidd & Vogt, 1989; Tinago et al., 2014) . In our case, the reliable negative correlation of the immunoregulatory index with both the level of malonic dialdehyde and the oxidative stress index is observed (Fig. 4) . The value of the correlation coefficient increased with additional emotional stress (Fig. 8) . Taking into account the significant positive correlation between the immunoregulatory index and the level of ceruloplasmin in the control group (under conditions of emotional stress), we can talk about the importance of the antioxidant system in maintaining the balance of T-cell immunity. The absence of such a correlation in the experimental group indicates the inhibition of their redox homeostasis (Fig. 10) .
Reduction in the CD4+/CD8+ index may be another sign of immune system ageing (Bellingrath et al., 2010; Nakata et al., 2011) . As noted above, ageing of the immune system is also characterized by activation of oxidative processes. The ability of the body to maintain proper functional activity and the processes of T-lymphocytes differenttiation largely depends on the ability to counteract the excessive peroxide oxidation of lipids (Wang et al., 2011) . Taking into account the overrunning of CD4+/CD8+ immune regulatory index the lower limit of homeostatic norm (in conditions of additional emotional load), in many examined from the territory of enhanced radio-ecological control, we can speak about the preconditions for the development of their immunodeficient states, caused as well by stress-induced activation of oxidative processes.
One of the significantly lowered parameters in the experimental group compared to the control (with subsequent decrease in conditions of additional psycho-emotional loading), is the level of lymphocytes with the phenotype CD16+ (Table) . Antigen CD16 is an important marker for natural killers (NK cells) (Romee et al., 2013) . Natural killers are characterized by their high cytolytic activity against tumor cells and function on the edge of congenital and acquired immunity (Subleski et al., 2011) . In the experimental group, the cells with the CD16+ phenotype showed a significant negative correlation with the level of malonic dialdehyde and the oxidative stress index, besides, the value of the correlation coefficient increased with additional psycho-emotional stress (Fig. 3, 7) . In the control group, under the conditions of psychoemotional stress, a significant positive correlation between the number of lymphocytes with the CD16+ phenotype and the level of ceruloplasmin was noted. For people from the experimental group, the effect was not marked (Fig. 11) . According to the literature, natural killers have the highest level of ceruloplasmin expression on the membranes among all lymphocytes. So, these immune system cells have a greater potential for the anti-or prooxidant activity of the body's natural resistance (Banha et al., 2008) . Thus, the individuals who have undergone prolonged influence of small doses of ionizing radiation, have inhibited function of lymphocytes with the CD16+ phenotype involvement in maintaining redox homeostasis under additional stressful effects.
The analysis of the humoral immunity revealed a significant correlation with the indices of oxidative processes in the experimental group: a negative correlation between the serum IgG level and the level of malonic dialdehyde and the oxidative stress index, in conditions of additional psycho-emotional stress (Fig. 9) . Increased levels of IgG compared to controls, have been observed in the group of students examined from the territories of enhanced radio-ecological control, which was characterized as a compensatory factor of the cellular immunity parameters decrease (Table 1 ). In addition, according to the literature, the increase in the level of IgG autoantibodies against oxidized low density lipoproteins, on the background of the growth level of malonic dialdehyde is possible (Leonard & Maes, 2012) . In conditions of psycho-emotional stress, the level of IgG in the experimental group significantly decreased (Table 1) . Taking into account the revealed correlations, one can make assumptions about the participation in this effect the further intensification of oxidative processes.
The growth of correlation interrelationship between the analyzed parameters of the immune system of the students examined from the experimental group and oxidation-antioxidant balance in terms of psychoemotional stress confirms the further intensification of oxidative processes induced by the chronic effects of low doses of radiation. Ionizing radiation is a recognized physical factor for the development of free radical processes and oxidative stress (Stone & Dratz, 1982; Combs & Combs, 1986; Robbins & Zhao, 2004; Nylund et al., 2014) . The initiation of response to physiological and physical stress factors is often subconscious and of a purely biological nature (Filaire et al., 2009 ). However, the increase in the level of anxiety to the verge of depression in 10.0-20.6% (according to different criteria and depending on the age) of Ukrainian schoolchildren aged 7-17 years who are inhabitants of areas contaminated with radionuclides, testifies the presence of additional emotional reactions (Contis & Foley, 2015) . Psychological stress factors provide an additional cognitive assessment with the prediction of adverse effects and are also evaluated as a risk factor for the organism, which allows for coordinated behavioural and physiological responses (Filaire et al., 2009) .
In depressive states, oxidative stress is often the result of a biological imbalance between active forms of oxygen and antioxidants formed during the activation of immune factors. The inability of cells to adapt to the changes in redox homeostasis and their subsequent death stimulate the inflammation processes. Accordingly, the activation of immune proinflammatory factors and increased oxidative stress act synergistically in the pathogenesis of depression (Leonard & Maes, 2012; Bakunina et al., 2015) .
Intensive physical activity can also activate oxidative stress. In this case, there are certain bonds between the oxidizing factors, the antioxidant system and the cellular immune response. In particular, athletes 30 minutes after training check peroxidation, an increase in antioxidant parameters and a decrease in the number of T-lymphocytes with the phenotypes CD3+, CD4+, CD8+, as well as NK cells. Mechanisms underlying the revealed changes are considered multifactorial and related not only to hormonal and metabolic changes due to muscle activity but also to oxidative stress reactions and changes in gene expression (Vider et al., 2001 ). In our previous research there was observed a moderate decrease in the cellular immunity indices for students from territories contaminated with radionuclides during physical training (Sokolenko & Sokolenko, 2016) . However, such changes were effectively restored and, apparently, were induced not by oxidative processes, but by the migration of immune cells.
The involvement of their thyroid status in the revealed characteristics of the interrelationship between the oxidative processes and the immune system of the examined is possible. It is known that the thyroid gland takes part in the development of oxidative stress by stimulating several enzyme systems (De Vito et al., 2011) , we also indicate the possibility of the impact of this phenomenon on immune cells proliferation and migration of (Barreiro et al., 2011) . In our previous reports, the relationship between the thyroid status of individuals from radiation-contaminated territories, their lipid profiles and the immune system was characterized (Sokolenko & Sokolenko, 2017a , 2017b .
For a detailed analysis of the development of oxidative processes and their influence on the immune system at dosed physical loads of moderate intensity, and also, depending on the thyroid status, additional research is necessary.
In general we can mention that although reactive oxygen types are associated with the pathogenesis of many diseases, their absence in blocking free radicals release from activated phagocytes leads to a violation of the ability of innate immunity factors to eliminate pathogenic microorganisms. Thus, the balance between reactive oxygen types production and antioxidant protection factors is important (Ferrari et al., 2011) . The received data show some definite imbalance of this process in the population of the territories contaminated by radionuclides as a result of the Chernobyl accident.
Conclusions
The prolonged impact of small doses of ionizing radiation due to prolonged residence on the territories contaminated by radionuclides as a result of the Chernobyl accident leads to a stress-induced intensification of oxidative processes, which in turn is reflected on the immune system. Negative correlation of the oxidative stress index and the level of malondialdehyde with the parameters of phagocytic activity of neutrophils and monocytes, the immune regulatory index of CD4+/CD8+ and the number of lymphocytes with the phenotype CD16+ testifies to the participation of oxidative processes in reducing these parameters in individuals from territories with enhanced radio-ecological control. Radiation-induced intensification of oxidative processes grows in conditions of additional stresses of an emotional nature and causes effects that are a sign of ageing of the immune system and antitumor protection inhibition The people undergoing the prolonged influence of small doses of ionizing radiation, show an imbalance of redox homeostasis, which creates preconditions for pathological development of immune reactivity both at the level of innate and acquired immunity.
